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Detectors 
•  Interaction of Charged Particles and Radiation with Matter 

–  Ionization loss of charged particles 
–  Coulomb scattering 
–  Radiation loss by electrons 
–  Radiation loss by muons 
–  Absorption of  γ -rays in Matter 

•  Detectors of Single Charged Particles 
–  Proportional counters, Spark and streamer chambers, Drift chambers, 

Scintillation counters, Cerenkov counters, Solid-state counters,  
–  Bubble chambers 

•  Shower Detectors and Calorimeters 
–  Electromagnetic-shower detectors 
–  Hadron-shower detectors 

•  References:  Donald H. Perkins, Introduction to High Energy Physics, Fourth Edition 
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Interaction of Charged Particles  
and Radiation with Matter 

•  Ionization loss of charged particles 
–  charged particles, passing through matter, lose energy primarily 

through scattering on the electrons in the medium 

•  Coulomb scattering 
–  in scattering off the Coulomb field of the nucleus, the charged 

particle loses less energy, but suffers a large transverse 
deflection 

•  Radiation loss by electrons 
–  in addition to losing energy through ionization (above), electrons 

lose significant energy through radiation 
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Ionization Loss of Charged Particles 
•  Charged particles, passing through matter, lose energy primarily 

through scattering on the electrons in the medium 
•  This process results in the Bethe-Bloch formula 

 
                                                          incident particle: ze, p, v, M 

                                                       target Ze, A, m, I, x in g/cm2 

–  I  ≈  10 eV Z             (see next page) 
–  dE/dx  

•  is independent of the mass M of the particle 
•  varies as 1/v2 at non-relativistic velocities 
•  increase logrithmically beyond minimum at E ≈ 3Mc2 

•  depends weakly on the medium since Z/A ≈ 0.5 for most media 
•  ≈ 1 - 1.5 MeV cm2 /g       or     0.1 - 0.15 MeV m2 /kg 
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Ionization Energy 

Excitation energies 
(divided by Z). Those 
based on measurement are 
shown by points with error 
flags; the interpolated 
values are simply joined. 
The solid point is for liquid 
H2; the open point at 19.2 
is for H2 gas. Also shown 
are curves based on two 
approximate formulae. 
(from PDG) 

PDG 
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Ionization Loss of Charged Particles 
•  The Bethe-Bloch formula 

 emerges from Rutherford scattering (moving electron, 
stationary target atom) 

•  For a massive nucleus, these is no energy transfer 
•  In the rest frame of the electron, the electron acquires a 

recoil energy T, where  q2 = 2mT  
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Ionization Loss of Charged Particles 
•  Now, consider the number of such scatters in the energy range      

T → T + dT, in traversing dx, for a medium of atomic number Z 

•  So ionization energy loss is 

–  the maximum energy loss is 

–  and the minimum is I, the mean ionization potential 

at low energy 
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Ionization Loss of Charged Particles 

•  Insert Tmax and T min, and add a 
factor of 2 which accounts for 
effects such as atomic excitation, 
and Bethe-Bloch equation is found 
(after proper relativistic treatment) 

Argon  
with 5% methane 

relativistic rise 
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Ionization Loss of Charged Particles 
•  Relativistic rise 

–  transverse electric field rises 
with  γ, resulting from more 
distant collisions 

–  polarization effects cut off rise 
–  polarization effects are stronger 

in solids than gas 
•  gas: rise   ~ 1.5 
•  solid: rise ~ 1.1 

Argon  
with 5% methane 

relativistic rise 
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Ionization Loss of Charged Particles 
•  Ion pairs 

–  Landau distribution 
•  large fluctuations in energy loss 
•  higher energy electrons ( δ rays) 

–  Number of pairs depends on 
energy required to produce pair in 
medium 

•  helium:  40 eV 
•  argon:   26 eV 
•  semi-cond:  3 eV 

Argon  
with 5% methane 

relativistic rise 
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Ionization Loss of Charged Particles 

•  Measured ionization 
energy loss of 
electrons, muons, 
pions, kaons, protons 
and deuterons in the 
PEP4/9-TPC  
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Landau Distribution 
•  The Bethe-Bloch 

formula describes the 
average energy loss 
of charged particles. 
The fluctuation of the 
energy loss around 
the mean is described 
by an asymmetric 
distribution, the 
Landau distribution.  
An approximation is 

•  The high energy tail 
can complicate mass 
determination. 

PDG 
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Bethe-Bloch Equation with Density Corrections 

PDG 
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Coulomb scattering 

•  In scattering off the Coulomb field of the nucleus, the 
charged particle loses less energy than in scattering from 
the electrons, since the energy loss formula  ~ 1/m 

•  but suffers a larger transverse deflection in scattering 
from the nucleus than the electrons 

 

                                                        incident particle: ze, p, v 
                                        target Ze 
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Coulomb scattering 

•  In passing through a layer of material, many scatters occur, 
resulting in a net angle of multiple scattering which 
approximates a Gaussian distribution 

•  The rms deflection in distance t depends on the medium 

•  X0 is called the radiation length 

Es =  √4π × 137   mc2 = 21 MeV 
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Coulomb scattering 

•  Measured along one axis (say the x axis), the rms angular 
deflection is 1/√2 the above expression 

;    Es = 21 MeV 
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Coulomb scattering 

•  Multiple coulomb scattering limits the precision of determining the 
direction of a particle 

;    Es = 21 MeV 

φ	
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Coulomb scattering 

•  Consider the measurement of the curvature of a particle’s path in 
a magnetic field 

•  Radius of curvature of the track ( ρ ) is given by expression 
p c = B e ρ	



p(GeV/c) = 0.3 B(Tesla) ρ (meters) 
–  or in terms of deflection in distance s:  φmag = s/ρ = 0.3 s B / p 

•  At the same time, the direction of the track is altered by mulitple 
Coulomb scattering	



;    Es = 21 MeV 

0.0 

so 

  s  φscat/φmag 

1 m    0.25 

6 m    0.10 

Iron, X0= 0.02 m 
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Radiation loss by electrons 

•  In addition to losing energy through ionization (above), 
electrons lose significant energy through radiation 

•  This loss results principally through collisions with the nucleus, 
and therefore is parametrized by the same length as Coulomb 
scattering, the radiation length (X0) 

•  In interacting with the electric field of a nucleus, an electron 
will radiate photons, in a process known as bremsstrahlung 
(“braking radiation”) 
–  photon energy spectrum dEʹ′ /Eʹ′	


–  total loss in distance dx 

–  integration easily shows the energy surviving after a thickness x	
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Radiation loss by electrons 

	



	



	



PDG 
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Radiation loss by electrons 

•  Critical Energy (Ec) 
–  so the energy loss by electron has two components 

–  the ionization loss for high energy electrons is approximately 
constant 

–  however, the energy loss by radiation is proportional to E 
–  the critical energy (Ec) is defined as that energy where these two 

mechanisms are equal 

–  for Z > 5 

=                + 
ion 
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Radiation loss by electrons 

PDG 
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Radiation loss by muons 

•  For muons with energies above a few hundred GeV,  bremsstrahlung 
and direct e+e- production dominate ionization losses especially in 
heavy materials. 

 

PDG 
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Absorption of  γ -rays in Matter 

•   γ -rays are attenuated through three types of processes: 
–  Photoelectric effect 
             σ  ~  1/E3 
–  Compton scattering 
             σ  ~  1/E 
–  Pair production 
             σ  ~  constant  
              above threshold 
 

•  Above ~10 MeV, 
        pair production dominant, 
     and attenutaion energy  
     independent 

Lead 
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Absorption of  γ -rays in Matter 

PDG 
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Absorption of  γ -rays in Matter 

•  Again, since the process of pair production is closely related 
to electron beamsstrahlung (interactions with the electron 
field of the nucleus) both are described by the radiation 
length  

•  Absorption length: 

              9/7 X0
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Other important processes 
•  Interactions 

–  charged hadrons 
•  p, π, K, etc. 

–  neutral hadrons 
•  neutrons 
•  K0

L 

–  nuclear breakup 
•  Decays in flight 

–  eg. π → µ νµ 
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Properties of Materials 
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Properties of Materials 
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Spatial and Temporal Resolutions 
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Pictorial Detectors 
•  Cloud chamber 

–  condensation on track 
•  Emulsions 

–  enhanced silver content, reveals (after development) 
particle tracks with extreme precision 

•  Streamer chambers 
–  ionization of gas generates light through recombination 

which is photographed 
•  Spark chambers 

–  breakdown through electrodes 
•  Bubble chambers 

–  liquid is expanded to superheated condition 



Physics 610, detectors 32 

Cloud Chamber 
•  Invented by C.T.R. Wilson for study of formation of rain in 

clouds 
•  Perfected around 1912 
•  expands moist air in a closed container 

–  expansion cools the air 
–  it becomes supersaturated  
–  moisture condenses on dust particles 
–  ………or paths ionized by charged particles 

•  Example: beta particles 
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Cloud Chamber 
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Emulsions 
•  Photographic film contains tiny crystals (or “grains”) of very slightly soluble 

silver halide salts such as silver bromide.  

•  The grains are embedded in gelatine which is melted and applied as a thin 
coating on a substrate.  

•  Light or radiation striking a silver halide crystals initiates a series of 
reactions which produce a small amount of free silver in the grain.  

•  Free silver produced in the exposed emulsion constitutes the “latent 
image,” which is later amplified by the development process.  

•  The free silver grains are easily reduced by “developers” to form relatively 
large amounts of free silver; the deposit of free silver produces a dark area 
on the film.  

•  Emulsions have superb spatial precision (~ 1 µm) but poor time precision, 
being continuously active. 
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Emulsions 
•  Historical example: 

–  Discovery of the pion,  
announced in 1947 by Powell et al 
 
 
 
 
 
 
 
 
 
Four examples of π-µ-e decays 
recorded in photographic emulsions 
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Emulsions 
•  Example: 

–  Chorus experimentat CERN 
–  Searched for tau-neutrino 

 interactions 

Proposed  
sensitivity 
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Emulsions 
•  DONUT (Direct Observation of NU-Tau) 

–  Discovered tau neutrino interactions 
–  Search for 
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Emulsions 
•  DONUT 

Tau neutrino  
interaction 
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Spark Chambers 
•  Extremely high voltages across gaps lead to breakdown, and 

emission of light 
•  Space charge within an avalanche is strong enough to shield 

external field 
–  recombination occurs, and emission of light 

•  Often multiple gaps were employed 
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Spark Chambers 
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Streamer Chambers 
•  If a short (10 ns) high-voltage pulse (10-50kV/cm) is applied 

between parallel plate electrodes, a short (2-3 mm) 
streamer discharge develops 

•  Good multi-track efficiency and spatial resolution 
•  triggerable 
•  long recovery time 
•  processing of optical images required 

•  Fermilab experiment, 
 triggered on muons, 
 scanned for V0s 
 (search for charm) 



Physics 610, detectors 42 

Detectors 
•  Interaction of Charged Particles and Radiation with Matter 

–  Ionization loss of charged particles 
–  Coulomb scattering 
–  Radiation loss by electrons 
–  Absorption of  γ -rays in Matter 

•  Detectors of Single Charged Particles 
–  Proportional counters, Spark and streamer chambers, Drift chambers, 

Scintillation counters, Cerenkov counters, Solid-state counters,  
–  Bubble chambers 

•  Shower Detectors and Calorimeters 
–  Electromagnetic-shower detectors 
–  Hadron-shower detectors 

•  References:  Donald H. Perkins, Introduction to High Energy Physics, Fourth Edition 
  


